L Introduction
Flow past an open cavity is known to give rise to self-sustahed oscillations in a wide variety of configurations, including slotted-wall, wind and water tunnels, dotted flumes, bellows-type pipe geometries, high-head gates and gate slots, aircraft components and internal piping systems.
These cavity-type oscillations are the ongin of coherent and broadband sources of noise and, if the structure is sufficiently flexible, flow-induced vibration as well. Moreover, depending upon the state of the cavity oscillation, substantial alterations of the mean drag may be induced. In the following, the state of knowledge of flow past cavities, based primarily on laminar S o w conditions, is described within a fimework based on the flow physics. Then, the major unresolved issues for this class of flows will be delineated.
Self-excited cavity oscillations have generic features, which are assessed in detail in the reviews of Rockwell and Naudascher'*', R0ckwel13, Howe4 and Rockwell'. These features, which are illustrated in the schematic of Figure I, 
Major unresolved physical and experimental issues:
Essentidy all quantitative measurements of the unsteady flow between the upstream (leading) corner in the downstream corner of the cavity have involved time-averaged or phaseaveraged pointwise measurements. Even for the w e of an hitially laminar boundary layer at the upstream separation location, substantial "jitter", or cycle-to-cycle variation of the flow pattern, 'can OCCUT for a typical cavity oscillation. Especially when the Mow boundary layer is transitional or turbulent, its coexistence with potentially coherent oscilIations can generate very significant cycle-to-cycle variations of the flow pattern, It is therefore productive to obtain instantaneous measurements of the velocity field over the entire re@on of the flow. Such global realization would provide a physical basis for interpretation of various types of time-, ensemble-, and phaseaverages of the flow structure. A further advantage is that instantaneous pressure fluctuations along the surface of the cavity c8n be directly related to instantaneous, global variations of the flow pattern. To date, this approach has not been undertaken, even for the simplest m e of an initially-laminar flow at separation.
Impingement of a quasi-coherent, turbulent shear layer upon the downstream corner of the cavity will result in severe distortion of the incident vodcal structures, These so-called turbulent vortices wilI have a range of scales. Instantaneous, global insight into the vortex distortion process is called for.
Amplification of disturbances in the separated turbulent shear layer along the cavity may involve coexisting instabilities, characteristic of a wide range of length scales present in the separating turbulent boundary layer and different characteristic thicknesses of the separating flow,
The interaction of these instabilities in the evolving shear layer, Le., small-and large-scale interacting vortical structures, can most effectively be clarif~ed usiig instantaneous, global representations of the flow structure, which has not yet been undertaken.
Within the cavity, existence of w t d y , recirculating flow is expected to occur in a highly modulated fashion, driven by the unsteady impingement process at the downstream (trailing) corner of the cavity. The instantaneous structure of these large-scale recirculating flows, and the manner in which they modulate the separating shear layer fiom the upstreatn (leadiag) comer of the cavity has not been addressed in a global, instantaneous sense.
The overall goal of the present investigation is to address the unresolved issues defined in the foregoing. In general, this involves determining the instantaneous, global flow stmcture past and within a cavity due to an infIow turbulent boundary layer. The possible instantaneous, global states of the flow will be related to instantaneous pressure fluctuations on the downstream corner of the cavity. Furthemore, the time-averaged turbulence statistics will be interpreted in terms of these instantaneous flow patterns, and an overall length of 130 inches. It is bounded on either side by vertical false walls extending fiom the floor of the water channel to a height qual to the upper edge of the channel test section.
The cavity test section is preceded by a special inlet contraction, which has two purposes. First of all, it facilitates attainment of a higher velocity at the inlet of the cavity test section, Second, through use of a special gap arrangement between the inlet contraction and the kadhg-dges of the fdse walls of the cavity test section, it was possible to attain essentially paratlel inflow into the leading region of the cavity test section (see plan View of Figure 2 ). This configuration is crucial, in that it precludes separation of the boundary layers dong the interior surfaces of the false walls. 
Pressure and Velocity Measurements
Time traces of the pressure fluctuations were acquired w i t h a PCB pressure transducer having a sensitivity of 500 mv/psi. During experiments, the pressure signal was subjected to analog filters and electronic amplifiers. The sampling time was At = 0.004 sec, in order to adequately resolve all the dominant frequencies. The signal was transmitted to the A/D board of the host microcomputer, stored in digital f o q allowing reconstruction of the time traces, as weff as computation of the power spectral density using an FFT technique. The total acquisition time T of each velocity and pressure record depended upon the particular experiment. Its value, along with the effective samphg time At and sampling frequency A€ are specified h conjunction with each of the time traces and spectra presented in the following.
Ill. Inflow Turbulent Boundary Layer
The turbulent boundary layer approaching the cavity was characterized upstream of the separation corner of the cavity, Ushg the coordinates (x,y) centered at the separation point of the leading corner of the cavity, PIV images were acquired over the spatial domain extending from A total of W -e i g h t PIV images were acquired at random times, with a minimum spacing of 60 sec. The variation of the velocity w i t h coordinate x was considered at a given y in a specified image, and the values of the mean velocity components E, 7, the corresponding fluctuation components u, and vm, as well as the velocity correlation u'v', were determined for that image. Then, by averaging tbese d u e s in all thrrty-eight images, the final statistical values were 10 obtained. This approach is described by Liu, Landreth, Adrian and m a @ ' and Westerweel, Draad, van der Hoevern and van Oord3'. Figure 3 shows the variation of the mean, fluctuation and correlation quantities across the boundary layer. For these data, the boundary layer thickness 6 = 1.80 inches, the displacement thickness 6' = 0.27 inches, momentum thickness 8 = 0.197 inches, and the shape factor H = S*/e = 1.37. The Reynolds number based on momentum thickness was R e = 1,371. At this value of Ree, Johansen and Smith2' obtained H = 1.37 via single point hot film measurement.
Comparison of these distributions with those of Kleban~ff 31 (see also Schli~hting~~, acquired using a hot Wire anemometer, indicates remarkably good agreement. Further details and comparisons of the turbulent boundary-layer structure are given by Rockwell and Linzs. To demonstrate that a well-defined log layer exists within the turbulent boundary layer, the raw data of the present study, in the form U/cT, versus y (in m) was plotted on semi-log coordinates. A well-defined log region was shown to exist.
Moreover, to ascertain that a well-defined inertial subrange existed within the turbulent boundary layer, the PIV data were hrtha evaluated, For each of the thirty-eight images, the spectrum was evaluated at a distance 0.91 inches f?om the wall corresponding to 0.5 5, in which 6
is the boundary layer thickness, also represented by the symbol 8995. The technique for evaluation of the spectra is described in Section II. In essence, at each elevation from the wall, the entire sequence of u or v velocity components was considered from the left to the right boundary of the image. This sequence is, in essence, interpreted as a time sequence, leading to a fiequency spectrum. Spectra for both the streamwise u' and cross-stream v' fluctuations were calculated. Figure 6a . In Figure 6b , the extent of the distorted vortex upstream of, and above, the trailing-corner of the cavity, in accord with the cluster of vorticity in Figure 6% is particularly evident.
IV. Instantaneous
In Figure 7 , the incident cluster of vorticity is located just upstream of the corner. The smallscale concentrations that make up the large-scale structure are identified, in an approximate sense, by the dashed circle. In this case, the instantaneous pressure takes on its maximum-positive value, and the velocity field in the vicinity of the corner shows a downward deflection and formation of a pronounced, jet-like flow along the vertical wall of the cavity.
Instantaneous patterns of velocity and vorticity for the cavity oscillation in a mode corresponding to approxirnateIy the subharmonic frequency p/2 are shown in Figures 8 and 9 for the rnrtlcimum-negative and -positive values of pressure at the impingement corner. Figure 8 shows images corresponding to the maximum-negative pressure peak, where the center of the vorticity cluster is nearly coincident with the location of the pressure tap at the comer. In this case, the velocity field exhibits a particularly violent ejection of fluid out of the cavity, drawn upward by rotation of the large-scale cluster of vorticity as it encounters the corner. In Figure 9 , corresponding to the maximum-positive pressure peak, the cluster of incident vorticity is located upstream of the cavity face. The interesting feature of this particular vortex-corner interaction is that the entire extent of the flow, from the bottom of the cavity to the separated shear layer, is part of a large-scale swirl pattern, suggesting coupiing between the large-scale cluster of vorticity approaching the corner and the recirculation flow in the right half ofthe cavity. Regarding the flow field within the cavity, Figure 10 compares the instantaneous velocity of 
Averaged (mean) veJodty
Comparison of the averaged total velocity < V > for the cinema and randomly-acquired image sequences, corresponding to the top and bottom images respectively, is given in Figure 12 .
It is evident that these patterns of < V > are remarkably siznilar. It 
Averaged vorticity
Contours of constant averaged vorticity <a > are indicated in Figure 13 . 
VI. Assessment of Major RsuIts
This investigation, which has provided instantaneous images of the flow structure, daws insight well beyond that attainable using traditional experimental techniques involving, for example, dye visualization, smoke injection and hydrogen bubble visualization. The quantitative velocity and vorticity fieIds and their evolution w i t h time provide the basis for image evaluation with an eye towards identifying key pressure sources. The major features of the unsteady separated shear-layer along the cavity, its interaction with the corner of the cavity, and the correspondmg flow within the cavity have been revealed, and their primary features will dictate the nature of the unsteady pressure field immediately adjacent to and well away fiom the cavity codiguration.
In the following, srrmmaries and assessments of the principal regions of the flow are On the other hand, immediately downstream of the ledhg-corner, the value of peak mean vorticity drops substantidy (again, compare Figure 13) . If we approximate the s o -d e d fieestream velocity on the lower side of the separated layer VZ as equal to zero and that along the upper side U1 as remaining relatively constant With streamwise distance at a value U-it follows that the vorticity thickness &, in the immediate vicinity of the corner will be substantially lower than that in the region downstream of the corner. In turn, the predicted instability fkequency for the small-scale vortex formation from the corner will be substantially higher than that in the region downstre-b of the corner, which is more characteristic of the global-type instability of the entire separated layer.
An additional mechanism that may produce the patterns of small-scale vortical structures at the leading-corner of the cavity is the existence of hairpin vortices in the fully turbulent boundary layer upstream of the leading-corner of the cavity. Multiple hairpin structures having a streamwise spacing of the order of one-tenth the boundary layer thickness are evident in the PlV images of Figures 7 through 9. This possibility should be investigated hrther h conjunction with the aforementioned mechanism of a small-scde instability.
The foregoing mechanism of vortex formation in the separated shear layer coexist with and, in some cases may be coupled with, the large-scale patterns of recirculating flow within the cavity, Recent numerical simulations of Pereira and S o~s a '~ and Najm and Ghoniern" specifically address the potential role of the large-scale vortex within the Cavity. In fact, by viewing this region of the flow as a nonlinear dynamical system, it is possible to define a mechanism of instability due to the recirculating vartex system. The degree of predominance of this type of instability is not completely resolved. It is evident, however, by inspection of a time sequence of instantaneous images, that the velocity and pressure signds exhibit substantial modulation, or even intermittency, which may be due, at least in part, to the character of the recirculating flow within the cavity. We note, that in the low ReynoIds number study of Knisely and Rockwell*, involving flow past a cavity, that the spectra of the velocity and pressure fluctuations can exhibit a substantial number of peaks due to modulation phenomena. From the standpoint of shear layer stability, an important finding fiom their study is that several of the spectral components can simultaneousfy satisfy the phase-locking criterion between the leading-and trailing-corners of the cavity, emphasizing the impor@nce of the instability mechanism of the separated sheat layer.
21
The importance of the onset and development of clusters of vorticity, associated with the inherent instability of the shear-layer, is hrther evident from examhation of the contours of constant dimensionless Reynolds stress of Figure The classical, time-averaged viewpoint of a cavity f l o w is that suggested in the averaged images of Figure 12 , By constxucthg tangents to the velocity vectors, it is possible to identrfl a stagnation or reattachment streamline at the corner. Any given instantaneous image, however, does not show existence of such a reattachment h e , rather the distortion of the incident vortical structures in that region, in conjunction With instantaneous inflow or outflow provide a very different picture than the averaged representation. This sort of interpretation is important for a wider class of separated and reattaching flows, such as that behind a backward facing step.
Structure of flow within cavity
The flow pattern within the cavity is dominated by a jet-like flow along the vertical wall of the trailing-corner, then in the upstream direction dong the bottom wall of the cavity. This jetlike flow is a sort of wall jet, having a boundary layer on one side and a fiee, separated layer on its other side. This free shear-layer exhibits detectabIe vortical stnrctwes, which serve as a source of substantial velocity fluctuations and represent the loci of mazEimum veloCity conelatism < u'v' > .
In general, the flow rate associated with this jet-like flow into the cavity must satisfy the entrainment demands of the separated shear layer between the leading-and traiIing-corners of the cavity. In many of the instantaneous images, this upward-oriented entrainment flow is evident dong a substantid length of the separated layer. In addition, however, an upward-oriented, jetlike flow along the vertical face of the leading-corner of the cavity influences the initial development of the separating turbulent boundary layer. Unsteadiness of this upward-oriented jet no doubt contributes to the moddated character of the separated layer.
A number of admissible patterns of instantaneous, recirculation vodces can occur Within the cavity. These recirculation vortices tend to occupy the right half of the cavity, In the limiting case, the swirl pattern of velocity vectors associated with this recirculation vortex extends fkom the bottom wall of the cavity to the separated layer, suggesting a coupling between the recirculation vortex and the large-sde cluster of vorticity that impinges upon the cavity corner.
Further analysis of the data should provide insight into the possibility of such coupling.
VII. conclusions
The central findings of the present investigation are as follows: A filly turbulent infIow, in the form of a turbulent boundary layer separating f?om the Ieading-corner of the cavity, can evolve into a pattern of organized vortical structures. Two extreme scales of these structures have been identified. The largest-scale structures scale according to the momentum thickness of the he-averaged velocity distribution at the leadingarner of the cavity. The corresponding dimensionless frequency of formation of these farge vortical structures is in close agreement with that predicted 6orn inviscid stability theory. In addition, organized vortical structures of a much smaller scale form from the leading-corner of the cavity. In .this region the mean vorticity is very high and the corresponding local vorticity thickness of the separated layer will be relatively small, thereby promoting formation of s d -s c a l e vorthd structures at relatively high fiquency. The possible role of pre-existing vortical structures in the approach turbulent boundary layer, and their relation to those observed fiom the leading-corner of the cavity remains for h r t h e t investigation.
(2) The separated shear layer exhibits a complex modulated structure, evident in not only the instantaneous PIV images, but also in the h e traces of the pressure signal at impingement. The latter exhibits both amplitude-and frequency-modulated features, but, generally speaking, such traces exhibit periods corresponding to the findmental and subharmonic of the instability mode associated with formation of the largest-scale vortical structures. The physical origin of this modulation is, at least in part, due to a modulated, jet-like return flow within the recirculation zone of the cavity. A front of such a jet is produced when a portion of the unsteady shear layer is deflected downward into the cavity at the location of the impingement corner. 
